Abstract -In Penning ionization electron spectroscopy, the kinet& energy of electrons ejected by collisions between targets (gas or solid) and metastable atoms is analyzed. In a gas phase spectrum, an orbital exposed outside the repulsive molecular surface gives a stronger band than does an inner orbital localized inside the surface. Thus, the relative band intensity of the spectrum depends on the spatial electron distribution of individual molecular orbitals. Furthermore, with the introduction of a bulky group some molecular orbitals can be protected from the impact of metastable atoms and become less reactive to the metastables. Therefore, the analysis of the relative band intensity also provides information on the steric shielding effect on the molecular orbital. When Penning ionization electron spectroscopy is applied to the solid, the electron distribution of individual molecular orbitals exposed outside the outermost surface layer is selectively probed. In this case, we can see the shape of the molecular orbital from various directions, if we can control the orientation of surface molecules. The characteristics of Penning ionization electron spectroscopy stated above have been applied to the study of stereochemical properties of various organic molecules.
INTRODUCTION

2' (b)
Various intermolecular processes including chemical reactions start with effective overlapping of the tails of molecular wave functions. To elucidate these processes, therefore, one needs inf ormation on the stereochemistry of individual molecular orbitals, especially their spatial electron distributions in the frontier region near the molecular surface. Recent studies (ref. T + A * T ' + A + e -, (1) e-for energy analysis.
Usually metastable rare gas atoms such as He* (ls2s,2%, 20.62 eV), eV), and Ne*(2~'3s,~P2,16.62 eV) as A*. 
Ge.
and its 2s electron is ejected to an orbital of the continuam state,
The transition probability I? of this process is given by (ref. 5) Therefore, the relative intensity of the bands in a Penning ionization electron spectrum (PIES) largely depends on the overlapping of the relevant orbital $ 1 and the 1s orbital band is almost missing in the PIES, although the corresponding band has appreciable intensity in the PIES. This is ascribed to the distribution of the bzu orbital localized along the carbon skeleton (see the electron density map) and shielded by the x orbitals.
As was described above, the relative intensity of the PIES band can be estimated from the distribution of molecular orbitals outside the repulsive molecular surface (VDW surface).
Hence, we have defined the exterior electron density (EED) for each MO # % by (ref. 7) where the integration is taken over the region s1 outside the VDW surface of the molecule. The theoretical PIES in Fig With the introduction of a bulky group some orbitals can be protected from the impact of metastable atoms and become less reactive in Penning ionization. Such a steric shielding effect has been found in the PIES of organometallic complexes (ref. 9) and also of some substituted anilines the Cr 3d orbitals of dibenzenene chromium are not 
c t t h a t upon t h e formation of t h e hydrogen bonding t h e access of metastable atoms t o t h e
nx o r b i t a l becomes d i f f i c u l t owing t o t h e steric shielding e f f e c t of t h e OH group. In t h e case of N,N' -dimethylaminoethanol, t h e temperature dependence of the n, band i n t e n s i t y , which is an average of t h e i n t e n s i t i e s f o r bonded and dissociated forms, was analyzed and t h e population of the bonded conformer (0.83 a t 23 'c, 0.29 a t 300 'c) and some thermodynamic data f o r t h e dissociation of t h e hydrogen bonding (AH = 1.25 kJ mol-', AS = 29 J K-' mo1-') were obtained.
PIES OF SOLID SURFACES
When PIES is employed f o r t h e study of a s o l i d surface, t h e following two characteristics are displayed ( ref. 1, 2, 15 ). F i r s t l y , PIES probes t h e outermost surface layer of the s o l i d surface s e l e c t i v e l y because metastable atoms do not penetrate into t h e inner layers. This is not t h e case i n other electron spectroscopies such as photoelectron, Auger, and electron impact spectroscopies, where photons or electrons used f o r the excitation sources penetrate i
n t o t h e inner layers. Secondly, PIES enables u s t o study the electron d i s t r i b u t i o n of individual o r b i t a l s i n t h e exterior region outside the solid surface. In gas-phase molecules, which are randomly oriented with respect t o the direction of t h e metastable beam, t h e r e l a t i v e i n t e n s i t y of t h e PIES bands r e f l e c t s the overall spread of individual o r b i t a l s . On t h e other hand, t h e PIES of t h e solid surface provides information on t h e wave function t a i l s of individual o r b i t a l s a t a definite molecular part exposed
outside t h e surface. This character of surface PIES can be used t o probe the geometrical orientation of surface molecules. respectively. The thicknesses of t h e adsorbed layers were estimated to be a few monolayers a t a 10 s exposure and more than several tens of monolayers a t a 400 s exposure. In Fig. 7 (a) the r e l a t i v e i n t e n s i t i e s of t h e z bands a r e much stronger and those of the u bands are much weaker compared t o t h e case of the gas-phase PIES i n Fig. 3 . This is accounted for, i f w e assume t h a t t h e benzene molecules a r e oriented f l a t to t h e substrate. A s can be seen from Fig. 8 (a) , i f a metastable atom approaches a benzene molecule oriented parallel t o the graphite cleavage plane, a z o r b i t a l exposed outside t h e surface should i n t e r a c t effectively with t h e metastable atom and give a strong band i n t h e PIES, while a u o r b i t a l shielded by the z should give a weak band. When the surface molecule is t i l t e d on t h e substrate, t h e a bands a r e expected t o become stronger i n the spectrum, because t h e u o r b i t a l s a r e a l s o exposed outside (Fig. 8(b) ). In f a c t , the intensity of t h e u bands gradually increases with increasing exposure time (see Fig. 7  (b) t o (c)) , showing t h a t molecules a t the outermost layer gradually become t i l t e d with increasing film thickness. Figure 9 shows the PIES of two kinds of iron phthalocianine (FePc) films (ref. 17) . Film A is a monolayer prepared by vacuum sublimation onto a graphite substrate held a t 213 K. Film B is a c r y s t a l l i n e one deposited on a stainless steel substrate a t room temperature. A s i l l u s t r a t e d on t h e r i g h t of t h e figure, molecules are arranged f l a t t o t h e substrate i n film A and are t i l t e d i n film B. In the f l a t molecular orientation, z -t y p e o r b i t a l s extending normal t o the molecular plane (xy plane) effectively i n t e r a c t with metastables, whereas u o r b i t a l s distributed within the molecular plane and shielded by t h e z -t y p e o r b i t a l s scarcely i n t e r a c t with metastables. Among t h e a -t y p e orbitals, those mainly originated from t h e iron & I . , , s t a b l e s more effectively than those derived from the carbon and nitrogen 2p. AO, because t h e former o r b i t a l s protrude outside t h e molecular surface more prominently than t h e l a t t e r ones. On the other hand, i n the t i l t e d molecular orientation, t h e u o r b i t a l s a s well a s t h e z should be effectively attacked by metastables, but t h e 3dl-like o r b i t a l s with l i t t l e distribution outside t h e film surface is expected t o be scarcely attacked. As can be seen from Fig. 9 , t h e r e l a t i v e intensity of t h e PIES bands f o r films A and B substanciate t h e above expectations regarding t h e ditributions of the surface orbitals. The orientation of surf a c e molecules i n each film is i l l u strated on t h e r i g h t . Fig. 10 . He*(ZJS) PIES of evaporated films of t e t r a t e t r acontane (n-C4 4H 9 0 ) prepared on a metal ( I ) and a graphite s u b s t r a t e (If ) together with t h e models of t h e molecular arrangements. perpendicular t o t h e s u b s t r a t e , metastable atoms e f f e c t i v e l y i n t e r a c t with t h e terminal methyl moieties (see t h e r i g h t p a r t of Fig. 10) . In fact, according t o ab i n i t i o MO c a l c u l a t i o n s , t h e f e a t u r e s of t h e PIES are e s s e n t i a l l y due t o molecular o r b i t a l s having a large d i s t r i b u t i o n on t h e t e r m i n a l methyl group. On t h e other hand, i n t h e monolayer (film ll) molecules l i e f l a t on t h e s u b s t r a t e with t h e i r long chains p a r a l l e l t o t h e s u b s t r a t e plane. In t h i s case, t h e f e a t u r e s of t h e spectrum are due t o molecular o r b i t a l s d i s t r i b u t e d on t h e s i d e o f t h e chain. For example, t h e peak located around 10 eV is o r i g i n a t e d from pseudo-n; o r b i t a l s comprised of t h e C 2p and H 1s AO's and t h e peak a t ca. 
eV is a t t r i b u t e d t o o r b i t a l s due t o t h e C 2s
In t h i s r e s p e c t , t h e i n t e n s i t y of a band i n PIES is connected with t h e r e a c t i v i t y o f t h e corresponding o r b i t a l upon e l e c t r o p h i l i c a t t a c k by metastables. For s o l i d s , Penning spectroscopy probes t h e d i s t r i b u t i o n of o r b i t a l s penetrated outside t h e outermost layer t h a t e s s e n t i a l l y determines t h e properties of t h e s o l i d surface.
This unique f e a t u r e of Penning spectroscopy should be f u r t h e r explored by its application t o various s o l i d surfaces.
